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INTRODUCTION
Intermetallic compounds are promising materials due to their high temperature oxidation resistance, excellent thermal stresses and low density [1] . Due to their resistance to elevated temperatures and aggressive environments, FeAl, Fe3Al, NiAl and Ni3Al are promising materials among intermetallic aluminides [2] . In the binary phase NiAl diagram, intermetallic compounds of NiAl3, Ni2Al3, Ni5Al3, NiAl, and Ni3Al are present. Of these intermetallic compounds, NiAl and Ni3Al are the most stable structures of the system [3, 4] .
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The production of intermetallic compounds can be performed by powder metallurgy methods, casting and conventional melting processes. On the other hand, the SHS (self propagating high-temperature synthesis) method is one of the powder metallurgy methods that is fast and does not require expensive equipment. There is no need for external heating since the synthesis is performed by self-propagation. This method allows the formation of desired shapes quite successfully [5] . Combustion synthesis, or reaction synthesis, is a method that helps obtaining a desired product in a short time. In other words an exothermic reaction occurs in the first instance of providing enough energy to the raw metal powders. Compared to conventional powder metallurgy methods, SHS method requires less time along with being a cheaper, cleaner and easier process. In the SHS process, the sample is ignited to create a burning wave. This combustion reaction produces exothermic heat, allowing the combustion wave to propagate through the sample [4, 6, 7] . However, the microstructure of materials produced by reaction synthesis contains a significant number of pores. Formation of gases due to impurities that have low boiling points and the expansion of NiAl-Ni3Al phases at high temperatures leads to pore formation. In case of severe reactions, an explosion can also be observed in the briquette. If the product melts at the combustion temperature as in NiAl, the porosity induced by the solidification shrinkage may occur [4] . The main problem in intermetallic research is that the compounds such as NiAl are brittle, which introduces restriction in shaping. [8] .Therefore, finding a solution to those limitations is an important part of this research field. However, in this study rather than focusing on finding a solution to aforementioned problem, the porosity ratio was investigated since this parameter affects mechanical and thermal properties of the formed material [8, 9] . The manufacturability of NiAl alloy was investigated by adding 3%, 6% and 10% layers of Cr which is stated to increase toughness and ductility and Co which is stated to increase the hardness and porosity of the samples according to the changing parameters [8, 9, 10, 11, 12] . Also, SEM-BSE and optical microscopy were used to determine the microstructure. Elemental analysis and phase analysis were performed by EDS and XRD 
MATERIALS AND METHODS
Metal powders of Ni, Al, Co and Cr used in this study were purchased from a commercial supplier. Each stage of the experiment was carried out in the Argon atmosphere. The first sample was prepared using atomic ratios of 50% Ni and 50% Al. 3%, 6% and 10% of Co and Cr were added to prepared Ni-Al mixture. Table 1 provides information on these metal powders. Metal powder combinations were mixed for 12 hours at 300 rpm in a mixer [13] . Calculations of the atomic and mass ratios and theoretical density of mixtures of Ni, Al, Co and Cr metal powders are given in Table 2 . The powder mixtures obtained at the end of this process are compressed into a cylindrical mold using cold press at 50 MPa, 100 MPa and 200 MPa. Mixture densities were calculated and taken into account in order to obtain the same volume of layers. The porosity of the porous samples calculated with equation [14] :
where f stands for pore percentage, m is sample weight, d is theoretical density of the sample and v is porous sample volume. The theoretical density of the porous samples calculated by equation [14] :
where d is density v is volume. The ratio of porous samples (weight percentage ratio) calculated by equation [14] :
In the latter equation RPW% stands for percentage ratio of weight and ARP is described as atomic ratio percentage. Figure 1 (b) shows the schematic view of raw samples made from 3%, 6% and 10% alloy admixtures in NiAl alloy layers along with the process diagram to achieve it. An ignition unit was designed to be used for ignition and pre-heating of the pressed samples in the argon atmosphere. This ignition unit consists of preheating chamber, ignition center and reservoir, along with temperature control knob and argon gas inlet-outlet sections. The SHS based production method is depicted in Figure 1 (b) [15] . Samples were classified into two groups. The first group was treated with preheating to 250 o C. The other group was not preheated.
The compacted samples were fired in the synthesis chamber with external heat under an argon atmosphere. The theoretical density of the mixtures and the density of the raw samples were obtained. Then, these values were compared to the density of the samples after the synthesis. The porosity to volume ratios of the synthesized samples were determined by weight and size measurements as the samples had regular geometries.
Samples were cut on the cutting disc for metallographic analysis after synthesis. The cut samples were polished using 240, 400, 600, 800, 1000 and 1200 mesh abrasives. After this process, the samples were polished with polishing broadcloth using a 1 µm diamond paste solution for final polishing. 33% HF, 33% HNO3, 33% water solution was used for 15 seconds to perform microstructure analysis of the polished samples [13] . For the microstructure analysis of samples after etching, a Leica optical microscope and a Jeol JSM-5410LV brand SEM-BSE device were used. The elemental analysis of the samples was performed by a Jeol JSM-5410LV EDS device and the phase components were detected with a Rigaku brand XRD device. 
RESULTS AND DISCUSSION
In this study, different samples were obtained by changing the compression pressure, preheating temperature and reinforcement ratios, which were selected as variables in the process parameters. The porosity of these samples is given in Table 3 . The graphs of these values are shown in Figure 2 .
As the compression ratio increases, the contact of the powder particles to each other increases and the porosity decreases (14) . In addition, the increase in contact is thought to prevent the formation of pores by allowing the raw powders to burn without falling into the cavities during synthesis.
On the other hand, preheating at 250 o C before the synthesis increased the porosity. It is thought that the expansion due to the heat energy given in the raw state increases the porosity due to the fact that the samples do not have time to shrink, together with the rapid rate of the synthesis reaction. Co and Cr additions with different ratios have been determined to increase the porosity in different ratios. However, the Cr addition alone decreased the porosity while the Co addition increased the porosity. This supports the data in the literature [12, 16, 17] . The SEM-BSE images, the optical microscope images and the XRD of the NiAlCo alloy are shown in Figure 3 , of the NiAlCr alloy are shown in Figure 4 and of the NiAlCrCo alloy in Figure 5 and the EDS measurements shown in Table 4 . Raw porosity, pre-heating temperature, gas formation during the reaction, thermal migration, volume reduction of the reactants and the difference in diffusion between the elements are effective in the formation of pores. Part of the gas is trapped due to increasing external pressure while part of the gas is leaving the sample. In addition, shrinkage occurs when the alloy is formed. During shrinkage, the gas may leak and be trapped in the sample. The samples consist of closed pores and small chambers after this process. When the shrinkage is not fully closed, the chambers open to each other or to the canals by narrow passages. Thus, small open pores are formed. The shapes of the pores can be in different forms. As can be seen from SEM images of porous NiAl with 30% and 14% Al content sintered at 1000 °C from a previous study [17] , pore size of NiAl alloys is generally greater than Ni3Al pore size. And it has been reported in the studies that Al content has a great effect on the pore structure of aluminide intermetallic. They also stated that the total pore ratio of NiAl (50%) was greater than Ni3Al's(30%) as a result of the measurements made by Archimedes method in water. Figure 2 , Figure 3 and Figure 4 shows SEM and optical microscope images taken in this study. The formation of large and small pores can be determined from those images. This is attributed to the escape of the gases that trapped between powders during the combustion reaction. Also, low compacting values can lead to formation of such structures [3] . In the EDS elemental analysis taken from the 10% Co addition sample, 74.917% Ni, 15.141% Al and 9.942% Co were determined and from the 10% Cr addition sample, 72.4% Ni, 16.9% Al and 10.7% Cr were detected. In the EDS elemental analysis taken from 5% Co and 5% Cr added samples, 77.6% Ni, 13.8% Al, 4.5% Co and 4% Cr were determined. According to these EDS data, it can be said that metal powders are homogenously distributed within the structure. In the XRD analysis of the same samples, the highest NiAl and Ni3Al phases and a low ratio of NiAl3 phase determined in NiAl-Cr alloy, the highest NiAl and a low ratio of Ni3Al and NiAl3 phases determined in NiAl-Co alloy, and the highest NiAl andlow ratio of Ni3Al in NiAl-CoCr alloy.
CONCLUSIONS
In this study, the manufacturability and the porosity ratio of NiAl alloy was investigated by adding 3%, 6% and 10% of both Cr and Co layers. Layered NiAl (Co / Cr) intermetallic compound was successfully produced with SHS method by using different combinations of process parameters such as pressure and preheating. SEM, EDS and XRD analysis were performed and the porosity ratios were examined. The following characteristics of samples were observed;
1. As expected, the porosity in each of three separate samples decreased with increasing pressure. 2. The porosity of the preheated samples partially increased. 3. Adding Co relatively increased the porosity while adding Cr decreased it. In the case where these two elements were added together, the pore ratio increased near the average. 4. The addition of Co had a reducing effect on the secondary phase formation alongside NiAl. 5. The addition of Cr provokes the formation of Ni3Al phase along with NiAl phase. 6. According to density calculations, it can be seen that the compression pressure is the most effective parameter that changes the porosity. The main reason for this is thought to be the increase in contact points of powders with increasing pressure resulting in an uninterrupted combustion reaction. Therefore, the molten powders solidify without the possibility of displacement. 
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